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INTRODUCTION
The ability to manufacture a product using dissimilar metals/alloys by welding greatly increases the flexibility in design and production of components for engineering applications.
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2 fusion welding of copper to steel is difficult owing to their large differences in physical, chemical and thermo-mechanical properties [1,2]. For instance, thermal conductivity of copper is much higher than that of steel, which causes difficulties in reaching its melting temperature. Besides, Cu and Fe have limited solid solubility in each other, and they undergo phase separation during solidification. These two metals also have large differences in their melting temperatures and coefficient of thermal expansion.
Copper-SS joints have been produced by using various solid state or fusion welding processes. Solid state welding processes like diffusion welding, friction stir welding (FSW), and explosive welding have been extensively used [3] [4] [5] [6] [7] [8] . In diffusion welding of copper-SS, the interlayer material, applied temperature, and pressure, etc. have been found to influence weld quality. Sabetghadam et al.
[5] studied diffusion welding of copper to 410SS and reported that for nickel interlayer, increase in the bonding temperature increases the formation of micro voids in the bonding zone. Xiong et al. [6] reported that compared to pure tin, bronze or gold, use of tin-bronze-gold composite interlayer, allowed the use of comparatively lower bonding temperature, increased grain boundary wetting and tensile strength. Imani et al. [7] for FSW of copper-SS joints reported that off-setting of the pin toward copper side by 30% produced defect free welds with better tensile strength. Shanjeevi et al. 2016 [8] reported that friction pressure is the most significant process parameter of FSW followed by pin rotational speed affecting the resultant microstructure and tensile properties of copper-SS joints. For fusion welding of copper-SS, different arc welding processes and high energy density Laser Beam Welding (LBW) or Electron Beam Welding (EBW) processes have been used. In conventional arc welding, it is reported that selection of proper filler played a crucial role on weld quality in terms of welding defects such as porosity, microcracks, lack of fusion, shrinkage, etc. [9-12]. Yao et al. [13] and Chen et al.
[14] used an off-set laser beam towards SS side for producing copper-SS joints and reported that by varying the off-set distance, copper melting in the fusion zone could be controlled. It has been reported that small amount of copper melting was beneficial in reducing defects, while presence of large amount of copper resulted inhomogeneity in composition, enhanced residual stresses, which produced severe microcracks with inferior mechanical properties of M A N U S C R I P T
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It is evident from literature review that both in solid state welding and arc welding of copper-SS, use of appropriate interlayer/filler metal is likely to produce better quality joints possibly by limiting the formation of deleterious intermetallics formation in the weld joint.
From the study of high energy density welding, it was evident that amount of copper melting was important because an optimum amount of copper only produced a sound joint. In case of copper-steel welding, copper melting was reported to be controlled by off-setting the beam on the steel side [13,14,19-21].
Copper contains dissolved gases and during solidification it produces porosities; the amount, size and distribution of which depends on copper distribution in the fusion zone.
Besides, large difference in thermal conductivity and thermal expansion coefficient between copper and iron also generates strains and cracks and the severity of which might depend on copper distribution. In addition to beam off-setting, beam oscillation is also an important tool to achieve optimum melting of copper in case of high energy density welding. space in the weld joint. Further, it was observed that there were hardly any published reports on the defect analysis of copper-SS joints produced by EBW using XCT technique. This forms the scope of the present work and the objective is to characterize porosity formation using XCT analysis in electron beam butt welded copper-SS joints produced by with and without beam oscillation.
EXPERIMENTAL PROCEDURES

Materials
AISI-304 SS and extra low phosphorous copper (C10300) sheets having thickness of 3mm were used as base metals for this study. 3 (welding length × breadth × thickness) were cut from the obtained metal sheets, where welding length was transverse to the rolling direction. The joining side face of each coupon was then machined followed by mechanical polishing on 240grit emery paper. Surface polishing was necessary as rough surface helps confinement of gas pockets between the two joining plates, which later leads to porosity in the joint [30,31]. Prior to joining, the coupons were first degreased followed by thorough cleaning with acetone. 
Welding Procedure
The prepared coupons were subsequently butt welded in an 80kV, 12kW EBW machine ( Fig. 1) at Indian Institute of Technology Kharagpur, India which was indigenously designed and fabricated by the Bhabha Atomic Research Center, India. In this study, total three joints were prepared, out of which, joint-1 was made with a non-oscillating beam, while joint-2 and 3 were made with an oscillating beam having oscillation frequency of 600Hz and oscillation diameters of 1 and 2mm, respectively. Since copper conducts heat
faster, prolonged dwelling of beam on copper side favors dissipation of more heat by conduction. As beam voltage (60kV) and welding velocity (1000mm/min) were maintained constant, the heat requirement was compensated by increasing the beam current and accordingly, 65mA, 73mA, and 80mA of beam currents were used for joint-1, joint-2, and joint-3, respectively.
Fig. 1: 80 kV, 12 kW Electron Beam Welding (EBW) machine at IIT Kharagpur
Characterization Technique
After preparation, the joints were first inspected visually followed by X-ray radiography for quality check and all were found to pass the test. Figure 2 shows the X-ray radiographic images of three dissimilar copper-SS joints.
Fig. 2: X-ray radiographic images of the three prepared copper-SS joints
For 3D observation of defects, the welded specimens were examined under an XCT machine (GE-Phoenix ® model: V/TOME/XS). For such analysis, coupons having dimensions of 10×5×3 mm 3 were cut in such a way so that the entire weldment region is covered. The parameter used for XCT scans is given in Table-2 . Before XCT analysis, the samples were fine polished and thoroughly cleaned with acetone. For quantitative analysis such as for determination of size and number of pores, the XCT data were analyzed using the Phoenix-
2) software package. It is to be noted that the XCT machine used for the present investigation has a limitation for voxel size up to 10µm only.
During XCT scan, to reduce ring effect, ROI CT filter was used while for maintaining the histogram ratio between the material and background, an external filter (0.5mm Cu) was used. Beam Hardening Correction (BHC) filter was used for reducing the artefacts and noise in final data in order to obtain clear images. For solving the fixation problem (as sample may tilt/shift while rotating during scanning) 'agc' corrections were made for scan optimization. Fig 3(a) , it is well revealed that the appearance of weld bead surface in joint-1 produced with non-oscillating beam is found to be quite rough; while the weld bead surfaces of joint-2 and 3 produced using oscillating beam is quite smooth as shown in Fig 3(b) and Fig 3(c) to each other. For each joint, the corresponding pore numbers were counted and it was observed thatjoint-3 prepared using oscillating beam with 2mm oscillation diameter contained highest number of pores (167nos) followed by joint-1 (115nos) prepared with nonoscillating beam. The lowest number of pores (64nos) was found to be in joint-2 prepared using oscillating beam with lower oscillation diameter of 1mm.The average pore diameter for each joint has also been measured, and it was found that the joint-3 possessed coarser pores having largest pore with diameter of 201µm and smallest pore with diameter of 30µm followed by joint-1 (176µm and 16µm, respectively).Out of the three joints, joint-2 had
shown the best results with largest and smallest pores having diameter of 121µm and 11µm, respectively. The morphology of each pore was characterized using a sphericity calculation as given in equation-1 [23] . For such calculations, pores having diameter below 10µm were excluded to avoid uncertainty in estimating their actual surface area. Where, is the sphericity of pore, is the volume and is the surface area of the corresponding pore for a condition, where =1 represents a perfect sphere. The calculated sphericity values as a function of pore size are shown in Fig. 8(a) . The results shows that the majority of pores were close to spherical in shape as their sphericity values are above 0.50. It is also clear from Fig 8(a) that the smaller pores were having higher sphericity values than the larger pores. Figure 8(b) shows the 3D view of a single pore in the weld joint. As shown M A N U S C R I P T
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in Fig. 8(b) , the pore is found to be in spherical shape with an irregular outer surface. From the XCT results it has been observed that the surface irregularities increased with increase in pore size as also shown in Fig. 8(a) . joints. It is seen that for all three joints irrespective of the welding conditions, majority of pores (40-50%) were in the size range of 50 to 100µm. However, some differences were observed in percentage of pores having diameter below 50µm and above 100µm for the three joints. It is observed that joint-3 contained minimum share (15%) of pores having a diameter M A N U S C R I P T
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11 below 50µm followed by joint-2 (32%) while joint-1 had the maximum share of 41%. On the other hand, joint-2 contained minimum share of (11%) of pores having diameter above 100µm followed by joint-1 (20%), while joint-3 had the maximum share of 30%. Figure 10 shows the SEM image of joint-3 showing porosity in fusion zone. In all welded joints, irrespective of the welding conditions, majority of pores were observed either near the copper side or wherever copper chunks or globules were present in the fusion zone as shown in Fig.   10 . due to formation of shrinkage cavities during solidification of the weld zone. In this study, keyhole instability can be ruled out as the welding was carried out with full penetration buttjoint. Also, there was no presence of volatiles in the sample. Shrinkage cavities are unlikely to be spherical. Therefore, the only possible reason for the formation of porosity is due to nucleation of bubbles by dissolved gases on the heterogeneous sites in the welded joints.
Since copper contains dissolved gases such as O and H; these gases could be the reason for formation of porosities in the joints. Moreover, it has also been clearly observed in Fig. 4 and Although joint-3 was also produced by beam oscillation, the reduction in gases by repeated melting of the same spot was less than compensated by that due to segregated volume of gas in the copper chunks in the weld track. In case of joint-1, produced without beam oscillation, melt mixing was poor and spot overlapping and re-melting was also less intense that might lead to a large number of entrapped pores of different sizes.
CONCLUSIONS
o It was observed that the application of beam oscillation reduced the pore size and its content in the joint compared to that produced by their non-oscillating counterpart. It o In all joints, it was observed that the fine pores were formed in steel matrix, while coarse and large pores were formed in copper matrix, which may be attributed to the fact that copper contained more dissolved gases than iron.
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The problem of porosity formation in similar and dissimilar metals/alloys joints, produced by high energy density heat source like laser and electron beam are well known. The effect of electron beam oscillation that produces a churning action in the liquid weld pool is supposed to homogenize the liquid and reduce the amount and size of entrapped gas bubbles, or porosity. The present article, for the first time an attempt has been made to study the effect of beam oscillation on porosity in copper -stainless steel (SS) dissimilar joints.
The highlights of the present study are as follows:
• Copper to 304SS sheets having a thickness of 3mm were successfully joined by electron beam welding process using both oscillating and non-oscillating beam.
• The porosity content in the weld zone of the prepared joints are investigated by using Xray computed tomography (XCT) technique.
• It has been found that under an oscillating beam with lower oscillation diameter, the size and number of pores in the weld zone decrease significantly.
• Moderate copper melting and its mixing in the fusion zone under oscillating beam of lower oscillation diameter has resulted lower porosity formation.
• The pore numbers were found to be higher for non-oscillating beam or oscillating beam with higher oscillation diameter.
•
